Abstract.--A phylogeny of the mosquito subfamily Anophelinae was inferred from fragments of two protein-coding nuclear genes, G6pd (462 bp) and white (801 bp), and from a combined data set (2,136 bp) that included a portion of the mitochondrial gene ND5 and the D2 region of the ribosomal 28S gene. Sixteen species from all three anopheline genera and six Anopheles subgenera were sampied, along with six species of other mosquitoes used as an outgroup. Each of four genes analyzed individually recovered the same well-supported clades; topological incongruence was limited to unsupported or poorly supported nodes. As assessed by the incongruence length difference test, most of the conflicting signal was contributed by third codon positions. Strong structural constraints, as observed in white and G6pd, apparently had little impact on phylogenetic inference. Compared with the other genes, white provided a superior source of phylogenetic information. However, white appears to have experienced accelerated rates of evolution in few lineages, the affinities of which are therefore suspect. In combined analyses, most of the inferred relationships were well-supported and in agreement with previous studies: monophyly of Anophelinae, basal position of Chagasia, monophyly of Anopheles subgenera, and subgenera Nyssorhynchus + Kerteszia as sister taxa. The results suggested also monophyletic origin of subgenera Cellia + Anopheles, and the white gene analysis supported genus 
Anopheline mosquitoes (Culicidae, Anophelinae) are of prime medical importance as human malaria vectors, yet their phylogeny is poorly known. Traditionally, the subfamily is subdivided into three genera: Anopheles, Bironella, and Chagasia. Chagasia, a Neotropical genus, is regarded as sister to the other genera (Ross, 1951 ; Harbach and Kitching, 1998). Anopheles, with 97% of all anopheline species, is the most diversified genus, with 437 species classified into six subgenera: the cosmopolitan Anopheles, Old World Cellia, and the Neotropical Kerteszia, Nyssorhynchus, Lophopodornyia, and Stethornyia. Previous studies of relationships within Anophelinae have been taxon-limited, but some of them have hinted that the 'existing classification does not reflect natural groups (Corm, pers. comm.; Foley et al., 1998). Recently, a comprehensive morphology-based analysis of Anophelinae phylogeny was conducted by Sallum et al. (2000) , who hypothesized that the subgenus Anopheles, as traditionally defined, is paraphyletic. Accordingly, they proposed a change of the existing status of genus Bironella and subgenera Stethomyia and Lophopodornyia into informal groups within the subgenus Anopheles.
In contrast to their morphology-based hypothesis regarding the status of subgenus Anopheles, molecular evidence tends to support traditional systematics. The analyses of nuclear white (Besansky and Fahey, 1997) and mitochondrial COII (Foley, et al., 1998) 5d. PROJECT NUMBER 5e. TASK NUMBER 5f. WORK UNIT NUMBER
PERFORMING ORGANIZATION NAME(S) AND ADDRESS(ES)
relationships might have resulted from bias introduced through mutational saturation and unequal evolutionary rates among lineages observed in those genes. A better picture of anopheline evolution not only would allow us to understand the relationships within the group, but also might help answer more fundamental biological questions concerning causes of the peculiar geographic distribution of Anophelinae. However, this area of research has been virtually neglected. To approach this goal, additional phylogenetic information is needed, preferably from an alternative source. Promising molecular candidates are protein-coding nuclear genes, which are not as strongly biased in nucleotide composition as mitochondrial genes, and are relatively easy to align--in contrast to rDNA (Brower and DeSalle, 1994 ). Here we analyze sequences of two protein-coding singlecopy nuclear genes, glucose-6-phosphate dehydrogenase (G6pd) and white, from anophelines. Glucose-6-phosphate dehydrogenase (G6pd) plays a key role in regulating carbon flow through the pentose shunt pathway. The enzyme is considered to have an important housekeeping function and for this reason is expected to be relatively conservative in terms of amino add changes. Soto-Adames et al. (1994) showed that Gopd was informative for insect systematics over a very broad range, from sibling species to the ordinal level. T'ne protein product of the white gene belongs to a superfamily of Traffic ATPase membrane transporters and helps transport eye pigment precursors, guanine and tryptophan, into pigment cells (Ewart et al., 1994) . The gene was useful for reconstructing higher-level relationships in mosquitoes (Besansky and Fahey, 1997) .
. To determine the phylogenetic relati•nships within Anophelinae and to test the hypothesis of rapid radiation of the group, we have performed .maximum parsimony and maximum likelihood analyses of the Gopd and white gene fragments. Further, we explore the influence of unequal evolution-•ary rates and stTuctural constraints, two attributes of the sequence data detected in white and Gopd, on the inference of Anophelinae phylogeny. Because three of the four loci available for a simultaneous analysis appear incongruent with each other, we have attempted to localize the source of conflict and address the issue of treatment of multiple data sets containing conflicting information. We use the in/erred trees to evaluate the phylogenetic hypothesis of Sallum et al. (2000) . In addition, we propose a hypothesis for the evolutionary history of Anophelinae in a biogeographic framework.
MATERIALS AND METHODS
The present data set contains 16 species of Anophelinae representing all anopheline genera and Anopheles subgenera and 6 species of other mosquitoes used as an outgroup (Table 1) Table 2 ). PCR amplification conditions for the white gene were as described previously (Besansky and Fahey, 1997). G6pd was amplified in 50 tzl (total volume) with 2.5 mM MgC12, 50 mM KC1,10 mM Tris-HC1 (pH 8.3), 0.001% gelatin, 200 tzM each dNTP (Gibco-BRL), 50 pmol of each primer, 2.5 U of Taq polymerase (GibcoBRL), and 1 tzl of template DNA. Amplification was performed in the Perkin-Elmer 9600 thermocycler, with an initial denaturation at 94øC for 3 win, followed by 35 cycles of 94øC for 15 s, 50øC for 15 s, and 72øC for 60 s, followed by the final elongation step at 72øC for 10 min. PCR products were cloned directly into pGEM-T vectors (Promega). Cloned products were PCRamplified, purified (StrataPrep PCR purification kit, Stratagene), and sequenced by using ABI BigDye terminator chemistry (PerkinElmer Applied Biosystems) on an ABI377 sequencer. Sequences of both strands were obtained from single clones. bRefers to transmembrane or buried regions in white and G 6 pd, respectively.
CRefers to external or exposed regions in white and G 6 pd, respectively. din parentheses is given percent of ahgned characters. Between genes, mean nucleotide composition across species was similar, except for second codon positions (nt2), where white was rich in T + C and A..+-T predominated in G6pd.
Analyses of nt3 sites in each species individually also revealed strong differences in base composition (Fig. 2) . This heterogeneity was highly significant for both genes as revealed by a X 2 test of independence (P << 0.01). In G6pd, relatively low G + C content in--two outgroup species, Ad. squamipennis and Ur. sapphirina, accounted for most of the heterogeneity, as we found by rtmning the test after sequential exclusion of taxa with extreme base composition. Only exclusion of both-species eliminated the heterogeneity in base composition (P --0.10). In white the strongest differences were observed within the. Ranges of sequence divergences at increasing taxonomic levels for Gspd and white gene fragments are presented in Table 4 . the bootstrap majority-rule consensus trees were very poorly resolved. Of the relationships inferred by using ML, only the clades well-supported in MP received ML bootstrap proportions >50% (Fig. 3) .
white.mPhylogenetic analyses of the white gene based on both MP and ML consistently recovered deep relationships within the Anophelinae, with Chagasia as a basal lineage and Bironella as a sister group of Anopheles (Fig. 4) Table 3 .) The restfits suggested that all genes except ND5 were significantly incongruent (Table 5 ), despite the fact that the tree topologies derived from each gene separately were congruent for the more strongly supported relationships. Because conducting both separate and combined phylogenetic analyses may lead to better understanding of the data at hand (Stillivan, 1996), we combined all available sequences for a simultaneous analysis.
We conducted the analysis with and without An. squamifemur, a representative of the small and rare subgenus Lophopodomyia, because sequences of two genes, ND5 and G6pd, were not available from this taxon (for opposing views on the effects of incomplete data matrices in phylogeny reconstruction, In the full (22-species) ML tree, An. squamifemur was inferred as a sister taxon of Nyssorhynchus + Kerteszia (Fig. 5) . Inclusion of this species had no effect on the position of other clades, although the support for AnopheIes minus Stethomyia and CeIlia + subgenus AnopheIes was substantially less than for the 21-species data set. Parsimony analyses of the extended versus 21-species data set led to minor changes in tree topology. However, apart from Nyssorhynchus + Kerteszia, none of the relationships among BironeIla and subgeneric clades of AnopheIes were well-supported. 
Sequence Conservation and Protein

Structure
Base composition at the nt2 sites suggests that different evolutionary forces act on the Gopd and white genes, reflecting the structural constraints imposed on their protein products.
G6PD, a cytosolic globular protein, has a highly conserved three-dimensional structure of hydrophilic external parts and a hydrophobic core (Naylor et al., 1996; Notaro et al., 2000) . The G6PD fragment under study is located close to the NH2 terminus of the molecule and encodes portions of both external and core regions. When mosquito Gopd sequences are partitioned into nucleotide triplets encoding exposed or buried residues, as predicted on the basis of human G6PD tertiary structure (Notaro et al., 2000) , sharply different patterns of nucleotide composition at nt2 are revealed in both groups (Table 3) . These examples suggest that the structural constraints limiting character-state space at nt2 may be widespread in nature. In phylogenetic reconstruction, particularly in the case of more distantly related taxa, such constraints are a probable source of homoplasy in characters traditionally treated as most reliable (Naylot et al., 1995) . In the present study, these constraints are unlikely to have contributed substantial homoplasy, given the small number of informative sites at nt2 in hydrophobic regions (Table 3) However, the existing tests seem too conservative and inadequate to address the issue of when simultaneous analysis should be performed (Sullivan, 1996; Cunningham, 1997; Remsen and DeSalle, 1998). Here we applied the ILD test, which performs better in predicting the compatibility of combined data than goodness-of-fit tests do (Cunningham, 1997) and which is commonly used in phylogenetic studies (Caterino et al., 2000) . According to this test, only ND5 sequences can be combined with any other gene (Table 5) . Interestingly, when topology and bootstrap values were examined in separate gene trees, topological incongruence was generally limited to unsupported or poorly supported nodes, whereas highly supported branches were congruent across the trees. When P --0.01 was taken as a significance threshold (Cunningham, 1997), G6pd was congruent with D2, and also with the white gene at ntl +nt2 positions. Congruence was also suggested when ntl + nt2 positions from one gene were compared with all positions of another protein-coding gene. The discrepant results between all positions and ntl + nt2 positions cannot be completely accotinted for by a lack of resolution, and therefore the perception of congruence, in the latter data partition because ntl+ nt2 of white produced well-resolved topology (Fig. 4) . Even after exclusion of nt3 sites, the ILD test indicated that the white gene and also the ND5 gene were incongruent with D2. Such an incongruence may result from extreme difference in the evolutionary rates along some branches. Taken together, these results indicate that weak conflicting signals, probably coming from sites affected by multiple substitutions combined with differing compositional biases, have profound effects on the ILD test results. Moreover, they suggest that improving the phylogenetic reconstruction model by eliminating such sites will improve the congruence between data sets. Despite the professed incongruence, simultaneous analysis did not reduce, and in some cases substantially increased, support for all clades. We agree with the notion that when different partitions yield strongly different and well-supported relationships, simultaneous analysis should not be performed. However, when the topological incongruence is concentrated in unsupported clades, as in the present study, simultaneous analysis appears beneficial. Apparently, when the partitions are combined, phylogenetic signals from separate partitions have additive r'"•' ..... , res-tmmg in stronger support for the inferred clades. Moreover, different partitions resolve different regions of the tree, a property discussed earlier by Pennington (1996) . Our analysis suggests that the congruence, or lack thereof, between data sets from real taxa is a complex problem not yet well understood.
Anophelinae Phylogeny
Most of the relationships inferred with the combined data (Fig. 5) Results of the interior-branch test based on selected four-cluster trees with the topology ((A,B),(C,D) The hypotheses presented above are congruent with all the available phylogenetic and biogeographic evidence. Because they are based on analyses of relatively small samples of taxa, further studies of Anophelinae with extended sampling are needed to test them. Careful sampling of representatives of subgenera Cellia and Anopheles is probably the key to a better understanding of the biogeographic patterns within the genus Anopheles.
